Cyanobacteria (blue-green algae) are photosynthesizing organisms that can be used as a model for analyzing light-responsive gene expression. The regulatory system of the light-responsive psbA gene with cis-elements and trans-acting factors was studied at both transcriptional and post-transcriptional levels. Positive regulation comprises DNA curvatures (CIT and RIB), upstream elements (UPE and promoter), and a light-induced sigma factor (SigD) of RNA polymerase in transcription. On the other hand, negative regulation involves mRNA instability through an AU-box under darkness. This two-step process is a candidate for a novel mechanism regulating light-responsive gene expression.
Life depends on organic matter and oxygen produced by sunlight and photosynthesizing organisms. The ancestors of blue-green algae, cyanobacteria, came into being about three billions years ago and might have been the first photosynthesizing organisms capable of producing oxygen. It is generally accepted that the ancestors of cyanobacteria gave rise to plant chloroplasts through endosymbiotic events, thereby conferring the ability for photosynthesis to algae and plants. 1, 2) Bluegreen algae are gram-negative eubacteria that make a good model for analysis of light-responsive gene expression, because their cells are easy to grow in culture, and genetic/biochemical approaches are also possible. In addition, complete nucleotide sequences of the genomes of some cyanobacteria have been decoded (http://www.kazusa.or.jp/cyano/cyano.html; http://cyano. genome.jp/).
Gene expression involves transcription and translation. Transcription is performed by the RNA polymerase (RNAP) enzyme and the stability of the synthesized RNA is important to expression in the later step. To elucidate the mechanism of light-responsive gene expression, it is necessary to understand how ciselements (effective nucleotide sequences) and transacting factors (regulatory proteins) affect transcription and post-transcription. In this time, the gene expression of psbA was examined in photosynthesizing organisms as a model. A novel explanation of light-responsive gene expression is presented on the basis of new findings.
I. Photosynthesis and psbA Gene Expression
The light-evoked reaction of cyanobacterial photosynthesis is performed on thylakoid membranes located in the border areas of cytoplasm. The photosystem (PS) comprises pigment-enzyme complexes and includes PS I and PS II linked to each other. PS II produces electrons from water. The activated electrons reduce NADP in PS I. The psbA gene encodes a D1 protein in the reaction center of PS II. In higher plants, a single copy of the psbA gene is encoded in the chloroplast genome. In contrast, cyanobacteria have multi-gene families of psbA in chromosomal DNA, the transcription of which is differentially expressed in response to changes in light intensity (photon flux density) and quality (wavelength). [3] [4] [5] But one copy of psbA is enough for photosynthesis per se. 6) In the 1980s to 1990s, the identification of genes encoding enzymes of PS complexes and analyses of their expression/function were pursued extensively. 7, 8) Especially, it was revealed that the protein D1 (PsbA) is turned over quickly in cells under light. [9] [10] [11] Despite many findings, the mechanism of light-responsive gene expression, in which ''the transcript accumulates under light but disappears in darkness,'' is still a matter of some controversy. Here we describe a two-step positive/ negative regulation of transcription by RNAP and of post-transcription (mRNA instabilities) by RNase.
II. A Novel Concept of Basal Transcription and Light-Responsive Expression for psbA
Cyanobacteria sometimes produce water blooms on the surface of lakes and marshes. A unicellular colonyforming cyanobacterium, Microcystis aeruginosa K-81, [12] [13] [14] [15] was isolated from Lake Kasumigaura in Japan (Fig. 1) . Several psbA genes have been isolated from strain K-81, one of which is designated psbA2.
16) The psbA2 transcript was light-responsive and accumulated
To whom correspondence should be addressed. Tel/Fax: +81-298-888-8651; E-mail: asam@mx.ibaraki.ac.jp Biosci. Biotechnol. Biochem., 70 (3), [565] [566] [567] [568] [569] [570] [571] [572] [573] 2006 Review rapidly upon exposure to light under a 12 h-dark/12 hlight regimen (L/D cycles) (Fig. 1) . Circadian-rhythmic transcripts of psbA2 was also observed under the control of an endogenous clock. 17) Thus psbA2 is a good model for analysis of gene expression that is light-responsive and has a circadian rhythm. [18] [19] [20] The 5 0 -end of the psbA2 transcript was mapped and its promoter sequence, recognized by sigma factors of RNAP, was estimated to be TTTACA (À35 hexamer) and TAGTAT (À10 hexamer), Escherichia coli consensus type sequences recognized by a principal sigma factor, RpoD (Sigma70).
16) The transcription of psbA2 occurred from a specific start point (þ1) even when the regulatory upstream region of the gene was introduced into E. coli cells (Fig. 1) .
To clarify which sigma factor recognizes the psbA2 promoter in K-81 cells, we tested the promoter's selectivity using a principal sigma factor, RpoD1 (SigmaA1), cloned from the K-81 strain. 21) Specific psbA2 transcripts by RNAP holoenzyme reconstituted with K-81 RpoD1 were confirmed in vitro when the psbA2 promoter fragment was used as a DNA template. 22, 23) On the other hand, the RpoD1 expression was constitutive at the protein level under L/D cycles in the K-81 cells. This suggests that light-responsive psbA2 expression might not be dependent on a change in the amount of the principal sigma factor and that other optional elements and factors are required for a switch in expression. Thus there is a possibility that RNAP with the principal sigma factor can support potentially ''basal transcription'' (Fig. 1) for constitutive expression, which is distinct from ''light-responsive expression.'' Therefore, accumulation of the psbA2 transcript (mRNA) might be controlled by other factors for a ''positive'' regulatory effect on transcription under light. In contrast, the transcript might be made unstable by some RNase as part of a ''negative'' regulatory system in darkness.
III. Functions of the Curved DNA, UPE, and Promoter
First, the effects of cis-elements and molecular structures upstream of the psbA2 region for ''basal transcription'' were characterized using mutants.
A novel curved DNA
It is known that the tertiary architecture of DNA affects gene expression, and sequence-directed (intrinsic, static) or protein-induced DNA bends refer to changes in DNA double helix formations. In the former, regular runs, several deoxy adenine . deoxy thymine (dA . dT) base-pairs occur on one face of the DNA helix, while in the latter, a profound influence on DNAprotein interaction causes the bending.
24) The positions of curvatures have been found to vary in prokaryotic genes. These positions often exist in the region À240 to À40 from the transcriptional start point (þ1), and these static DNA bends can modulate transcription. It has been reported that right-handed coils are often located just upstream from promoters. [25] [26] [27] [28] [29] An RNAP-induced change in the sense of the superhelix from right-handed to left-handed might cause a local unwinding of DNA to form an open complex during transcription initiation (Fig. 2, top) . [25] [26] [27] The bent DNAs have a range of functions: facilitation of the binding of the RNA polymerase to the promoter, transition from closed to open promoter complexes, or transcription factor binding. 28, 29) In cyanobacteria, a previous study presented evidence that a right-handed superhelixal curvature immediately upstream of K-81 rpoD1 Promoter 2 clearly facilitated transcription. 30) This was the first model case for functional analysis of curved DNA in photosynthetic organisms. Although we also found an intrinsic DNA curvature in the upstream K-81 psbA2 region containing many adenine . thymine tracts (n ! 3), its function for expression has not been resolved. 31) A center of the psbA2 curved DNA was determined by circular permutation analysis. It was located at À180 to À140, relatively far from the transcription start point (þ1). 24) This novel DNA curvature is a unique architecture designated changeable bending-center sites of an intrinsic curvature under temperature condition (CIT). 31) Analyses also revealed that bent DNAs locate upstream of psbA genes in red-alga and higher plants, suggesting that these structures have been conserved during evolution among photosynthetic organisms.
Mutagenized curvatures (cdCIT) derived from wildtype (wtCIT) psbA2 were constructed and confirmed to have a disrupted architecture by gel-electrophoresis and atomic force microscopy (AFM). 32) Relatively small amounts but light-responsive transcripts of psbA2 were observed in cyanobacterial transformants harboring the mutagenized curvature (cdCIT) under dark/light and light/high-light conditions (Fig. 2, bottom) . This shows that the curvature is important for basal transcription. 32) Primer extension and DNA-mobility shift assay also revealed that unknown factors which might bind to the region upstream from the bending center contribute to the basal transcription of psbA2. On the other hand, another novel curved DNA, which was induced by the binding of RNAP to the psbA2 promoter region, was found. Circular permutation analyses showed that the curved center of RNA polymerase-induced DNA bending (RIB) lies at approximately the þ10 site, referring to the transcription start point as þ1, in the RNA polymerase-DNA complex. The region containing the curved center of RIB contributed to the basal transcription in vivo and in vitro. 33) These results indicate that the region upstream of K-81 psbA2 has two distinct curved DNAs, CIT (sequence-directed type) and RIB (protein-induced type).
UPE and promoter sequences
The functions of the promoter (À35 hexamer, À35 to À30; À10 hexamer, À12 to À7; þ1 referring to the transcription start point) and a proximal upstream element, UPE (À45 to À36), were characterized in the expression of K-81 psbA2. 34) This novel UPE contains a conserved sequence, TyAsAAAsyyC (s ¼ G or C, y ¼ T or C), upstream from the À35 hexamer in the cyanobacterial psbA family. It is known that upstream elements associate with transcription factors, and that the C-terminal domain (-CTD) of the -subunit in RNAP can bind to the region upstream from the À35 hexamer in E. coli. [35] [36] [37] [38] However, the functions of the UPE and promoter of psbA have not been well elucidated in cyanobacteria. Therefore, a series of mutants with mutations at the UPE and promoter of K-81 psbA2 were constructed (Fig. 3) . Expression of the mutants was examined in vivo and in vitro by analyses using a -galactosidase assay, primer extension, and a DNA-mobility shift assay with RNAPs. The results indicated that the À35 hexamer and its proximal UPE act as effective cis-elements for light-responsive and/or basal transcription respectively. It is unclear to date whether there is a trans-acting factor that can specifically bind to the UPE in the cyanobacterium.
On the other hand, analyses of the promoter and its spacer functions were also performed for the cyanobacterial psbA gene. Some of the results are presented in Fig. 3 . The À10 hexamer was essential for basal transcription.
39) The length and sequence of the spacer are also important for transcription. The À35 hexamer was not essential for basal transcription, but it conferred a light-responsive and circadian-rhythmic expression (Fig. 3, bottom) . Furthermore, a binding site, À115 to þ23, of RNAP for the psbA2 promoter region was identified by DNase I foot-printing (Fig. 3, top) . Bands hypersensitive to DNase I were also observed at two positions, À70 and À37, located upstream of the À35 hexamer. They demonstrate that the tertiary structure of the DNA was altered upstream by the binding of RNAP and consequently became hypersensitive to DNase I.
IV. A Light-Induced Sigma Factor and Positive Regulation
The eubacterial RNAP holoenzyme, composed of a (RpoD, Sig) subunit and a core enzyme containing the major subunits (RpoA), (RpoB), and 0 (RpoC), plays a central role in gene transcription. 36) In phototrophic bacteria, the 0 subunit diverged into (RpoC1) and 0 (RpoC2), corresponding to 0 (RpoC1) and 00 (RpoC2) in higher plant chloroplasts (Fig. 4, top) . 40, 41) The core enzyme functions in mRNA polymerization, but requires the sigma () subunit for specific transcription initiation at the promoter. 36, 42) General switching in transcription is mainly due to the modulated promoter selectivity of multiple RNAP holoenzymes combined with the replacement of a common core enzyme with several different sigma factors, responding to environmental or internal cellular change. Heterogeneous sigma factors in eubacteria are classified into three groups. 43 ) Group 1 comprises principal sigma factors that recognize E. coli 70 (Sigma70, RpoD)-type promoters of housekeeping genes, and are essential for cell viability. The Group 2 sigma factors are highly similar in sequence to the group 1 types, but are nonessential. Group 3 sigma factors are also nonessential, and include alternative sigmas, which are structurally different from those of group 1 and 2, required for flagella synthesis, heat shock, or general stress response, and extracellular function (ECF).
In cyanobacteria, it has been confirmed that the principal sigma factor specifically recognizes the psbA promoter using RNAPs prepared from cyanobacterial cells or reconstituted in vitro. 23, 44, 45) On the other hand, the principal sigma factor, RpoD1 (SigmaA1), of the M. aeruginosa K-81 strain exhibits constitutive expression under a L/D cycle. 21, 22) This does not contradict the idea (Fig. 1) that the K-81 psbA2 promoter introduced into E. coli is specifically recognized by Sigma70 and constitutively expressed along with Sigma70. Is there a positive regulatory effect on the light-responsive transcription by another light-induced sigma factor even if the principal sigma factor can constitutively recognize the psbA promoter? This question intrigues researchers who study the light-responsive gene expression in photosynthetic organisms. But it has not been answered to date.
To address this point, we have characterized the functions of sigma factors in Synechocystis sp. strain PCC 6803, the genomic nucleotide sequence of which has been completely decoded. 46) The PCC 6803 strain also possesses multiple sigma factors involving a principal sigma factor SigA that exhibits an extensive similarity of amino acid sequence to that of RpoD1 in M. aeruginosa K-81. 22, 46) From sequence analogy, nine sigma factor homologous genes (sig) assigned as group 1 (sigA), group 2 (sigB, sigC, sigD, sigE), and group 3 (sigF, sigG, sigH, sigI) have been identified in the strain PCC 6803 (Fig. 4, top) . Overexpression of all the cloned sigma factor genes in E. coli, purification of their gene products, and the preparation of polyclonal antibodies for each sigma factor were achieved. 47) Mutants with the sigma factors knocked out were constructed for experiments in vivo. 48) A group 2 type sigma factor, SigD, was rapidly induced to express under light/high-light conditions with a reduction in an electron transport chain of photosynthesis (Fig. 4, bottom; see details in Ref. 48 for the redox experiment). The PCC 6803 psbA2/3 transcripts markedly decreased in the sigD knockout mutant under light and SigD-RNAP specifically recognized in vitro the PCC 6803 psbA2 promoter, 48, 49) showing the contribution of SigD to the light-induced transcription. (Top) RNAP and sigma factors of Synechocystis sp. strain PCC 6803. (Bottom) The light-induced sigma factor, SigD, and its contribution to the transcription of psbA under light. Positive and negative effects of sigma factors are shown as þ and À respectively. From experiments using two herbicides, DCMU (an inhibitor of electron transport between the PS II complex and the plastoquinone pool [PQ] ) and DBMIB (an inhibitor of electron transport between the PQ and the cytochrome b 6 f complex), the expression of light-/ dark-induced SigD/SigB was accelerated under opposite redox states in an electron transport chain of photosynthesis. 48) In contrast, dark-induced SigB, a group 2 sigma factor, also occurred under oxidative state conditions and contributed to dark-induced lrtA transcription. 48, 49) Thus, antagonistic light-/dark-induced expression of SigD/ SigB, the group 2 sigma factors, through redox (reduction/oxidation) potential was crucial. SigB expression itself was repressed by SigC under light. 48, 50) This is the first finding of light-/dark-responsive sigma factors and confirmation of their real functions in vivo and in vitro in photosynthetic organisms. It also means that multiple group 2 sigma factors, SigB and SigD, take part in the control of light-responsive gene expression in cooperation with a group 1 sigma factor, SigA.
V. An AU-Box Sequence and Negative Regulation by RNase
Although the functions of the light-responsive sigma factors were elucidated, the reason levels of the psbA transcripts decreased under darkness was unclear. Hence mutants shortened sequentially in the region upstream of K-81 psbA2 were constructed, and the accumulation of the mRNA was examined in the mutant cells to identify the cis-element involved in mRNA stability (Fig. 5) . Interestingly, an almost constant pattern of expression was observed in the mutant having a region (À38 to þ14, the minimal sequence) of the promoter and its downstream under the L/D cycle. The amount of psbA2 mRNA was significantly reduced in the mutant having a region (À38 to þ36) of the minimal sequence plus an extension under darkness. 51) This suggests that the region for þ15 to þ36 located in the 5 0 -untranslated leader region (5 0 -UTR) is a light-responsive cis-element and causes the instability. Based on this idea, the nucleotide sequences of psbA 5 0 -UTR were aligned and an evolutionally conserved motif, UAAAUAAA, called an AU-box, was found just upstream from the ribosomebinding sites in psbA genes of cyanobacteria, red alga (eukaryotic bacteria), and higher plants (Fig. 5) . The psbA2 mRNA's stability apparently increased even under darkness in mutants lacking the AU-box sequence or harboring a GC-rich sequence instead (Fig. 5) . This clearly demonstrates that the AU-box sequence triggers the mRNA's instability under darkness, 51) and that some endo-type ribonuclease (RNase) specifically targets the AU-box. Recently we identified this RNase and confirmed its specific interaction with the AU-box. To verify the universality of this regulatory mechanism involving the AU-box in photosynthesizing organisms, the function of AU-boxes in genes other than psbA is now being analyzed in our laboratory. Thus the posttranscriptional negative regulation involving RNase and its target sequence, AU-box, provides important insight into how light-responsive gene expression works.
Several examples of positive regulation involving AU-boxes of psbA genes in other photosynthesizing organisms are also described briefly. In Chlamydomonas (green algae), a nuclear-encoded chloroplast regulatory protein complex binds to the psbA 5 0 -UTR and increases the efficiency with which translation begins under light. 52) In tobacco, factors binding to the psbA 5 0 -UTR can also accelerate the initiation of translation under light. 53) On the other hand, in the cyanobacterium Sychecococcus elongatus PCC 7942, an enhancer region (þ1 to þ41, þ1 as transcription start point) in psbAII 5 0 -UTR is required for high-light induction of the transcripts. 54) Possible proteins binding to the DNA corresponding to psbAII 5 0 -UTR were suggested previous- Fig. 2 . BT, LR, þ, À are the same as in Fig. 3. ly, 55) and it was confirmed recently that a transcription factor of the LysR family can specifically bind to the region. 56) In all the cases mentioned above, the AU-box (AT-box on DNA) in the 5 0 -UTR also appears to function as a positive cis-element for transcription, mRNA stability and/or efficiency at the initiation of translation under light. However, homologous genes, encoding such positive regulators found in eukaryotic photosynthesizing organisms, have not been identified in cyanobacteria. The identification and characterization of negative and positive regulators interacting with the AU (AT)-box must be important if there is a universal mechanism for light-responsive expression in photosynthesizing organisms.
VI. Conclusion and Future
The light-responsive expression of the psbA gene with cis-elements and trans-acting factors in cyanobacteria is summarized in Fig. 6 . This regulatory system involves regulation at both the transcriptional and post-transcriptional levels. The principal sigma factor (RpoD1 in K81, SigA in PCC 6803) can recognize constitutively the promoter for basal transcription in which the DNA curvatures, CIT and RIB, contribute to the transcription. 32, 33) In light/high-light conditions, replacement of SigA with SigD may take place on the psbA promoter, and then the transcription is induced more by SigD-RNAP as a positive regulation. Of note, the RpoC2 subunit in RNAP might modulate SigD's affinity for the core enzyme. 49) In contrast, replacement of SigA with SigB in RNAP might also occur, and the transcription was accelerated from the dark-induced promoter (Fig. 4) . This means that light-responsive gene expression is controlled by a network of group 1 and group 2 type sigma factors. The promoter À35 hexamer and UPE also contribute to light-responsive expression (Fig. 3) . On the other hand, mRNA instability depends on the AU-box sequence in the 5 0 -UTR under darkness. This post-transcriptional regulation is the negative effect. This notion of positive and negative regulation for the transcriptional and post-transcriptional steps is novel and may be a clue to understanding lightresponsive expression. Elucidation of the mechanisms behind signal transduction by a regulatory network of sigma factors and of the function of the novel RNase acting on the AU-box is awaited. Information based on such accomplishments may contribute, for example, to the field of applied biotechnology, where useful gene products are safely and effectively overproduced using expression vectors in photosynthesizing organisms. 
